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Abstract: Thermosensitive injectable hydrogels based on chitosan neutralized with sodium 
beta-glycerophosphate (Na-β-GP) have been studied as biomaterials for drug delivery and 
tissue regeneration. Magnesium (Mg) has been reported to stimulate adhesion and proliferation 
of bone forming cells. With the aim of improving the suitability of the aforementioned 
chitosan hydrogels as materials for bone regeneration, Mg was incorporated by partial 
substitution of Na-β-GP with magnesium glycerophosphate (Mg-GP). Chitosan/Na-β-GP 
and chitosan/Na-β-GP/Mg-GP hydrogels were also loaded with the enzyme alkaline 
phosphatase (ALP) which induces hydrogel mineralization. Hydrogels were characterized 
physicochemically with respect to mineralizability and gelation kinetics, and biologically 
with respect to cytocompatibility and cell adhesion. Substitution of Na-β-GP with Mg-GP 
did not negatively influence mineralizability. Cell biological testing showed that both 
chitosan/Na-β-GP and chitosan/Na-β-GP/Mg-GP hydrogels were cytocompatible towards 
MG63 osteoblast-like cells. Hence, chitosan/Na-β-GP/Mg-GP hydrogels can be used as an 
alternative to chitosan/Na-β-GP hydrogels for bone regeneration applications. However the 
incorporation of Mg in the hydrogels during hydrogel formation did not bring any 
appreciable physicochemical or biological benefit. 
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1. Introduction 
Thermosensitive injectable chitosan hydrogels can be formed by mixing acidic chitosan solutions 
with the weak base sodium beta-glycerophosphate (Na-β-GP) at low temperature (4 °C) followed by 
raising the temperature to body temperature [1,2]. Neutralization of the acid with Na-β-GP reduces 
electrostatic repulsion between the positively charged chitosan molecules. The raise in temperature leads 
to breaking of intramolecular hydrogen bonds, resulting in a more “stretched out” configuration of the 
chitosan molecules. Na-β-GP enhances dehydration of chitosan molecules and helps to remove H+ ions 
from chitosan molecules, which facilitate hydrophobic interactions and hydrogen bonding between 
chitosan molecules [3,4]. All the aforementioned effects facilitate formation of a chitosan hydrogel. 
The presence of a calcium phosphate (CaP) component in hydrogels is considered desirable to 
improve their suitability as materials for bone regeneration [5]. Indeed, the presence of apatite in 
hydrogels has improved proliferation [6] and osteogenic differentiation [7,8] of mesenchymal stem cells 
(MSC) in vitro and bone formation in vivo, both in rat cranial critical defects [7,9] and ectopically [10]. 
In a previous study, chitosan/Na-β-GP hydrogels were enriched with the enzyme alkaline phosphatase 
(ALP), which led to acceleration of gelation and promotion of formation of CaP within the hydrogel [11]. 
CaP formed as a result of incorporation of ALP into the hydrogel polymer network during hydrogel 
formation followed by incubation in a solution containing calcium ions and glycerophosphate, a 
substrate for ALP. This approach has been applied to mineralize a range of other hydrogels [12–16] and 
can be considered to be bioinspired, as mineralization of bone tissue with CaP in vivo is caused by ALP. 
In this study, it was hypothesized that the enrichment of chitosan hydrogels with magnesium would 
enhance adhesion and proliferation of osteoblast-like cells seeded on the hydrogels. Addition of magnesium 
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to hydroxyapatite (HA) materials has stimulated osteoblast adhesion [17] and proliferation [18–20]  
in vitro. In previous work, incorporation of magnesium into mineral formed in gellan gum hydrogels led 
to enhanced osteoblast-like cell adhesion and proliferation [15]. An in vivo study showed that magnesium 
enrichment of HA coatings on titanium implants led to improved early osseointegration [21]. 
To incorporate magnesium into chitosan hydrogels, neutralization was performed not only with  
Na-β-GP, but with a combination of Na-β-GP and magnesium glycerophosphate (Mg-GP). Hydrogels 
were characterized physicochemically with respect to gelation speed, mineralizability in a simulated 
body fluid (SBF) and type of mineral formed. Cell biological characterization was conducted using 
osteoblastic-like cells. 
2. Results and Discussion 
2.1. Physiochemical Characterization 
Rheometry results (Figure 1) showed that the gelation speeds of both hydrogel types were comparable. 
Since the concentration of GP in both hydrogel types was approximately equal, this result means that 
the partial replacement of Na+ ions with Mg2+ ions does not influence gelation.  
 
Figure 1. Gelation kinetics of chitosan/sodium beta-glycerophosphate (Na-β-GP) (a) and 
chitosan/Na-β-GP/magnesium glycerophosphate (Mg-GP) (b) hydrogels containing 2.5 mg/mL 
alkaline phosphatase (ALP). 
Dry mass percentage measurements (Figure 2) revealed no significant difference in amount of mineral 
formed in the two hydrogel types. AAS measurements revealed that the amounts of elemental Ca present 
in freeze-dried hydrogels were 37 and 24 μg/mg sample for chitosan/Na-β-GP and chitosan/Na-β-GP/Mg-GP 
hydrogels, respectively. 
ATR-FTIR analysis (Figure 3) demonstrated that the mineral formed in both hydrogel types was 
apatite. Bands characteristic for phosphate υ4 and υ3 stretching were seen in the regions 600–500 cm−1 
and 1200–800 cm−1, respectively [22]. Both hydrogel types showed a sharp and very intensive band at 
approximately 1020 cm−1 and a double band at approximately 540 and 600 cm−1. These are typical for 
apatite [22,23]. 
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Figure 2. Dry mass percentage of chitosan/Na-β-GP (100:0) and chitosan/Na-β-GP/Mg-GP 
(90:10) hydrogels containing 2.5 mg/mL ALP after gelation for 1 day followed by incubation 
for 14 days in a simulated body fluid (SBF). Mean values are shown (n = 3). Error bars show 
standard deviation. 
 
(a) 
 
(b) 
Figure 3. FTIR spectra of lyophilized of chitosan/Na-β-GP (a) and chitosan/Na-β-GP/Mg-GP 
(b) hydrogels containing 2.5 mg/mL ALP after incubation for 14 days in a simulated body  
fluid (SBF). 
TEM and SAED analysis (Figure 4) also demonstrated the presence of a crystalline phase. In 
chitosan/Na-β-GP hydrogels, needle-like crystals characteristic of calcium-deficient apatite were seen [24]. 
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Diffraction rings corresponding to the (002) and (211) planes of apatite were observed [25,26].  
In chitosan/Na-β-GP/Mg-GP hydrogels, needle-like crystals were also seen, however diffraction rings 
in the SAED pattern were less sharp, suggesting that the deposit analyzed may have been less crystalline. 
(a) (b) 
(c) (d) 
Figure 4. TEM images of mineral deposits in lyophilized chitosan/Na-β-GP (a) and 
chitosan/Na-β-GP/Mg-GP (b) hydrogels containing 2.5 mg/mL ALP after incubation for  
14 days in a simulated body fluid (SBF). SAED patterns of mineral deposits in lyophilized 
chitosan/Na-β-GP (c) and chitosan/Na-β-GP/Mg-GP (d) hydrogels. 
It is known that magnesium inhibits apatite formation and stabilizes amorphous calcium phosphate 
both in solution [22,27–29] and in hydrogels [15]. The fact that apatite was formed in both hydrogel 
types, and the fact that amount of mineral formed was similar in both hydrogel types, both suggest  
that the magnesium added to the chitosan/Na-β-GP/Mg-GP hydrogels was insufficient to hinder  
apatite formation. 
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2.2. Cell Biological Characterization 
Experiments with osteoblast-like cells (Figure 5) revealed that neither hydrogel type exhibited 
cytotoxicity when eluated in the medium. The eluates even slightly supported cell growth (Figure 5a). 
After 2 days, viable cells were observed on both hydrogel types (Figure 5b). After 4 days, both viable 
and dead cells were observed on both hydrogel types. In another study, human adipose-derived stem 
cells were encapsulated in chitosan/Na-β-GP hydrogels of similar composition to those used in this  
study [30]. After 7 days, both live and dead cells were observed. 
 
Figure 5. Cytocompatibility and adhesion of MG63 cells. (a) Mitochondrial activity of cells 
cultured in dilutions of eluates of chitosan/Na-β-GP (Ch Na) and chitosan/Na-β-GP/Mg-GP 
(Ch Na/Mg) hydrogels. Mean values (n = 3) error bars show standard deviation;  
(b) Live-Dead staining of cells cultured directly on hydrogels after 2 and 4 days. 
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Both hydrogel types showed good and comparable cytocompatibility (Figure 5). Kim et al. seeded 
rat muscle-derived stem cells onto chitosan hydrogels neutralized with Na-β-GP [31]. Final 
concentrations of chitosan and Na-β-GP were 2% and 20% w/v, respectively. Chitosan hydrogels 
supported adhesion and proliferation of cells from 1 to 21 days of culture. 
The addition of magnesium to scaffolds did not appear to lead to improved adhesion or cell number. 
It is possible that the amount of magnesium added was too low to influence cell adhesion and 
proliferation. The content of Mg-GP in the initial chitosan/Na-β-GP/Mg-GP hydrogels was 0.9% w/w, 
which corresponds to an elemental magnesium content of 0.11% w/w. For comparison, the magnesium 
contents in bone, dentine and enamel are 0.47%, 1.11% and 0.3% (all w/w), respectively [32]). Several 
groups have reported a positive effect of magnesium on osteoblast adhesion and proliferation on 
biomaterials [17,19,33–36]. In these studies, the biomaterials contained similar amounts of magnesium 
as the chitosan/Na-β-GP/Mg-GP hydrogels used in this study. However, these biomaterials were solid 
ceramic materials and not hydrogels. It is also possible that magnesium may have leached out of the 
hydrogel during cell culture. 
3. Experimental Section  
3.1. Hydrogel Production 
Unless stated otherwise, all chemicals were obtained from Sigma-Aldrich, including chitosan powder 
[shrimp-derived, deacetylation degree (DD) 83.4%, molecular weight (Mw) 862 kDa], HCl, glycerol, 
ALP (bovine intestinal mucosa-derived product no. P7640), Na-β-GP (product number 50020) and  
Mg-GP (product number 17766). 
Chitosan was dissolved in 0.1 M HCl at a concentration of 25 mg/mL. 1 g Na-β-GP was mixed with 
1 mL of MilliQ-water to yield a 1 g/mL Na-β-GP solution-suspension. 0.9 g Na-β-GP and 0.09 g  
Mg-GP were mixed with 1 mL of MilliQ-water to yield a Na-β-GP/Mg-GP solution-suspension.  
The concentration of GP in both solution-suspensions was approximately equal. Chitosan solutions and 
Na-β-GP and Na-β-GP/Mg-GP solution-suspensions were mixed for 24 h under rotation. ALP was 
dissolved in MilliQ-water at a concentration of 25 mg/mL. 4 mL chitosan solution, 0.4 mL Na-β-GP or 
Na-β-GP/Mg-GP solution-suspension, and 0.4 mL ALP solution were mixed together using a pipette to 
yield 4.4 mL hydrogels. Gelation took place in tubes of inner diameter 8 mm at 37 °C overnight. 
Gelation speed was studied by rheometry using an Anton Paar Physica MCR 301 device with a 25 mm 
rotating head diameter. Chitosan solutions and Na-β-GP and Na-β-GP/Mg-GP solution-suspensions 
were prepared as described above, pre-cooled to 4 °C, mixed at 4 °C and immediately subsequently 
subjected to a time sweep measurement at 37 °C at a strain of 0.01% and an angular frequency of  
10 rad/s for 5000 seconds. 
3.2. Mineralization Studies: Amount and Type of Mineral Formed 
Hydrogel samples were removed from tubes and cut into discs 5 mm in thickness and incubated for 
14 days in SBF with refreshment every 2 days. SBF was prepared using a protocol based on the method 
of Kokubo [37] with the addition of 10 mM Na-GP (as a substrate for ALP). After 14 days, hydrogels 
were rinsed three times with Milli-Q water, weighed, freeze dried for 48 h and reweighed. The dry mass 
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percentage was calculated as: (weight after incubation and subsequent freeze-drying for 48 h/weight 
before freeze-drying) × 100. After mineralization studies and freeze-drying, the molecular structure of 
the hydrogels was investigated using Attenuated Total Reflectance Fourier-Transform Infrared  
(ATR-FTIR) spectroscopy as described previously [38]. Transmission Electron Microscopy (TEM) 
images were taken in bright field mode and Selected Area Electron Diffraction (SAED) patterns were 
obtained as described previously. Total concentrations of Ca were determined using flame atomic 
absorption spectrophotometry (AAS) after digestion. A fragment of each dried hydrogel type was 
weighed on a microbalance to the nearest 0.1 mg and was thermally digested at 550 °C for 5 h. Residues 
were dissolved in concentrated HNO3 (14 mol/L), and diluted 20 times to a final concentration of 5% 
HNO3 (v/v). The concentration of Ca was determined using flame AAS (SpectrAA100, Varian, 
Mulgrave, Australia), after calibration with 4 standards in the ranges 0 to 1.00 mg/L. Calibration was 
checked with an independent reference material, for which the maximum deviation is 7.5% (certificate). 
A procedural blank was analyzed and showed results lower than the quantification limits (0.1 µg/mg for 
a 10 mg sample). Concentrations of the samples were expressed as μg Ca per mg dry weight of the material. 
3.3. Cell Culture Studies 
Prior to cell culture studies, chitosan, Na-β-GP and Mg-GP were sterilized using ethylene oxide (EO) 
as described previously [30]. ALP solution was sterilized by filtration through a filter of pore diameter 
0.22 μm. The hydrogels were prepared under sterile conditions. Discs of diameter 6 mm and height  
2 mm were cut out of the formed hydrogels with a hole punch. Cells of the human osteoblastic cell line 
MG-63 were seeded onto hydrogel samples. Each hydrogel sample was placed in a well of a 24-well 
plate and a suspension of 100,000 cells in 1.5 mL cell culture medium, i.e. High Glucose DMEM 
containing 10% fetal bovine serum, 0.1 mM Sodium Pyruvate and 1% Penicilin-Streptomycin,  
(all Gibco, Invitrogen, Carlsbad, CA, USA), was added. To visualize cell attachment and distribution on 
the hydrogels, the cell cultures were evaluated using fluorescence microscopy. 
A Live-Dead staining (Calcein AM/propidium iodide, Life Technologies, Eugene, OR, USA) was 
performed to evaluate cell viability. After rinsing, the supernatant was replaced by 1 mL PBS solution 
supplemented with 2 μL (1 mg/mL) calcein AM and 2 μL (1 mg/mL) propidium iodide. Cultures were 
incubated for 10 min at 37 °C, washed with PBS solution and evaluated by fluorescence microscopy 
(Type U-RFL-T, Olympus, Aartselaar, Belgium). Evaluations were performed 2 days and 4 days  
post-seeding. Eluates were produced by incubating four hydrogel samples in 2 ml of cell culture medium 
at 37 °C for 48 h. Eluates were diluted by factors of 1 (undiluted), 2, 4, 8, and 16. MG-63 cells  
(10,000 per well of a 96-well plate) were subsequently incubated in eluate at the aforementioned 
dilutions for 72 h. Vitality of the cells incubated in eluates was evaluated using the colorimetric MTT 
assay, using a 3-(4, 5-dimethyldiazol-2-yl)-2, 5-diphenyltetrazolium bromide (MTT, Cell Proliferation 
Kit I, Roche, Mannheim, Germany). The eluates were then replaced by 0.2 mL (0.5 mg/mL) MTT 
reagent diluted in cell culture medium. After 4 h incubation at 37 °C, the MTT reagent was removed and 
replaced by 0.2 mL lysis buffer (1% Triton X-100 in isopropanol/0.04 M HCl) for 30 min. A quantity of 
0.2 mL of the resulting dissolved formazan solution was used for the spectrophotometric measurement 
at 580 nm (Versa Max Microplate Reader, Molecular Devices Corporation, Sunnyvale, CA, USA). 
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Triplicate measurements were performed. The viability was calculated as a percentage of control cultures 
incubated with cell culture medium without eluate. 
3.4. Statistical Analysis 
Data were presented as mean ± S.D. (Standard Deviation). Multiple comparison procedures were 
performed with ANOVA. A value of P ≤ 0.05 was considered significant. 
4. Conclusions 
Chitosan hydrogels could be formed by partial substitution of Na-β-GP with Mg-GP at a molar ratio 
of 90:10. Gelation speeds were similar for chitosan/Na-β-GP and chitosan/Na-β-GP/Mg-GP hydrogels. 
Both hydrogel types were mineralized with apatite to a similar degree after incubation in SBF for 7 days. 
Both hydrogel types showed good and comparable cytocompatibility. 
Acknowledgments 
T.E.L.D. acknowledges Research Foundation Flanders (FWO) Belgium for a postdoctoral fellowship. 
Nancy De Saeyer and Emmy Peuquer are thanked for technical assistance. J.L. acknowledges the Centre 
of Biomedical Research (project CZ.1.07/2.3.00/30.0025) for financial support. This project is cofunded 
by the European Social Fund and the state budget of the Czech Republic. 
Author Contributions 
T.E.L.D. co-conceived the study and arranged and co-designed the experiments connected with 
physicochemical characterization of the materials (incubation in simulated body fluid, calculation of dry 
mass percentage, FTIR) and analyzed the resulting data. J.L. and L.B. conceived, designed and 
performed the cell biological experiments and analyzed the resulting data. A.L.S. and O.M. co-designed 
and performed experiments connected with physicochemical characterization of the materials. V.B. 
designed and performed experiments (TEM, SAED). K. De S. designed and performed experiments 
(AAS). Z.M. co-conceived the study, co-arranged and co-designed experiments connected with 
physicochemical characterization of the materials and provided advice during the experimental phase. 
T.E.L.D. wrote the paper with input from the other coauthors. 
Conflicts of Interest 
The authors declare no conflict of interest. 
References  
1. Chenite, A.; Chaput, C.; Wang, D.; Combes, C.; Buschmann, M.D.; Hoemann, C.D.; Leroux, J.C.; 
Atkinson, B.L.; Binette, F.; Selmani, A. Novel injectable neutral solutions of chitosan form 
biodegradable gels in situ. Biomaterials 2000, 21, 2155–2161. 
2. Patois, E.; Osorio-da Cruz, S.; Tille, J.C.; Walpoth, B.; Gurny, R.; Jordan, O. Novel thermosensitive 
chitosan hydrogels: In vivo evaluation. J. Biomed. Mater. Res. A 2009, 91, 324–330. 
J. Funct. Biomater. 2015, 6 201 
 
 
3. Chenite, A.; Buschmann, M.; Wang, D.; Chaput, C.; Kandani, N. Rheological characterisation of 
thermogelling chitosan/glycerol-phosphate solutions. Carbohydr. Polym. 2001, 46, 39–47. 
4. Bhattarai, N.; Gunn, J.; Zhang, M. Chitosan-based hydrogels for controlled, localized drug delivery. 
Adv. Drug Deliv. Rev. 2010, 62, 83–99. 
5. Gkioni, K.; Leeuwenburgh, S.C.; Douglas, T.E.; Mikos, A.G.; Jansen, J.A. Mineralization of 
hydrogels for bone regeneration. Tissue Eng. Part B Rev. 2010, 16, 577–585. 
6. Bongio, M.; van den Beucken, J.J.; Nejadnik, M.R.; Leeuwenburgh, S.C.; Kinard, L.A.;  
Kasper, F.K.; Mikos, A.G.; Jansen, J.A. Biomimetic modification of synthetic hydrogels by 
incorporation of adhesive peptides and calcium phosphate nanoparticles: In vitro evaluation of cell 
behavior. Eur. Cell Mater. 2011, 22, 359–376. 
7. Anderson, J.M.; Patterson, J.L.; Vines, J.B.; Javed, A.; Gilbert, S.R.; Jun, H.W. Biphasic peptide 
amphiphile nanomatrix embedded with hydroxyapatite nanoparticles for stimulated osteoinductive 
response. ACS Nano 2011, 5, 9463–9479. 
8. Patel, M.; Patel, K.J.; Caccamese, J.F.; Coletti, D.P.; Sauk, J.J.; Fisher, J.P. Characterization of 
cyclic acetal hydroxyapatite nanocomposites for craniofacial tissue engineering. J. Biomed. Mater. 
Res. A 2010, 94, 408–418. 
9. Suzawa, Y.; Funaki, T.; Watanabe, J.; Iwai, S.; Yura, Y.; Nakano, T.; Umakoshi, Y.; Akashi, M. 
Regenerative behavior of biomineral/agarose composite gels as bone grafting materials in rat cranial 
defects. J. Biomed. Mater. Res. A 2010, 93, 965–975. 
10. Hulsart-Billstrom, G.; Hu, Q.; Bergman, K.; Jonsson, K.B.; Aberg, J.; Tang, R.; Larsson, S.; 
Hilborn, J. Calcium phosphates compounds in conjunction with hydrogel as carrier for BMP-2:  
A study on ectopic bone formation in rats. Acta Biomater. 2011, 7, 3042–3049. 
11. Douglas, T.E.; Skwarczynska, A.; Modrzejewska, Z.; Balcaen, L.; Schaubroeck, D.; Lycke, S.; 
Vanhaecke, F.; Vandenabeele, P.; Dubruel, P.; Jansen, J.A.; et al. Acceleration of gelation and 
promotion of mineralization of chitosan hydrogels by alkaline phosphatase. Int. J. Biol. Macromol. 
2013, 56, 122–132. 
12. Douglas, T.; Wlodarczyk, M.; Pamula, E.; Declercq, H.; de Mulder, E.; Bucko, M.; Balcaen, L.; 
Vanhaecke, F.; Cornelissen, R.; Dubruel, P.; et al. Enzymatic mineralization of gellan gum hydrogel 
for bone tissue-engineering applications and its enhancement by polydopamine. J. Tissue Eng. 
Regen. Med. 2014, 8, 906–918. 
13. Douglas, T.E.; Gassling, V.; Declercq, H.A.; Purcz, N.; Pamula, E.; Haugen, H.J.; Chasan, S.;  
de Mulder, E.L.; Jansen, J.A.; Leeuwenburgh, S.C. Enzymatically induced mineralization of  
platelet-rich fibrin. J. Biomed. Mater. Res. A 2012, 100, 1335–1346. 
14. Douglas, T.E.; Messersmith, P.B.; Chasan, S.; Mikos, A.G.; de Mulder, E.L.; Dickson, G.; 
Schaubroeck, D.; Balcaen, L.; Vanhaecke, F.; Dubruel, P.; et al. Enzymatic mineralization of 
hydrogels for bone tissue engineering by incorporation of alkaline phosphatase. Macromol. Biosci. 
2012, 12, 1077–1089. 
15. Douglas, T.E.L.; Krawczyk, G.; Pamula, E.; Declercq, H.; Schaubroeck, D.; Bucko, M.M.;  
Balcaen, L.; Van Der Voort, P.; Bliznuk, V.; van der Vreken, N.M.; et al. Generation of composites 
for bone tissue engineering applications consisting of gellan gum hydrogels mineralized with 
calcium and magnesium phosphate phases by enzymatic means. J. Tissue Eng. Regen. Med. 2014, 
doi:10.1002/term.1875. 
J. Funct. Biomater. 2015, 6 202 
 
 
16. Douglas, T.E.L.; Piegat, A.; Declercq, H.A.; Schaubroeck, D.; Balcaen, L.; Bliznuk, V.;  
De Meyer, B.; Vanhaecke, F.; Cornelissen, M.; El Fray, M.; et al. Composites of polyvinyl alcohol 
(PVA) hydrogel and calcium and magnesium phosphate formed by enzymatic functionalization. 
Materials Letters 2014, 137, 62–67. 
17. Webster, T.J.; Ergun, C.; Doremus, R.H.; Bizios, R. Hydroxylapatite with substituted magnesium, 
zinc, cadmium, and yttrium. II. Mechanisms of osteoblast adhesion. J. Biomed. Mater. Res. 2002, 
59, 312–317. 
18. Cai, Y.L.; Zhang, J.J.; Zhang, S.; Venkatraman, S.S.; Zeng, X.T.; Du, H.J.; Mondal, D. Osteoblastic 
cell response on fluoridated hydroxyapatite coatings: The effect of magnesium incorporation. 
Biomed. Mater. 2010, 5, doi:10.1088/1748-6041/5/5/054114. 
19. Bracci, B.; Torricelli, P.; Panzavolta, S.; Boanini, E.; Giardino, R.; Bigi, A. Effect of Mg2+, Sr2+, 
and Mn2+ on the chemico-physical and in vitro biological properties of calcium phosphate 
biomimetic coatings. J. Inorg. Biochem. 2009, 103, 1666–1674. 
20. Landi, E.; Tampieri, A.; Mattioli-Belmonte, M.; Celotti, G.; Sandri, M.; Gigante, A.; Fava, P. 
Biomimetic Mg- and Mg, CO3-substituted hydroxyapatites: Synthesis, characterization and in vitro 
behaviour. J. Eur. Ceram. Soc. 2006, 26, 2593–2601. 
21. Zhao, S.F.; Jiang, Q.H.; Peel, S.; Wang, X.X.; He, F.M. Effects of magnesium-substituted 
nanohydroxyapatite coating on implant osseointegration. Clin. Oral Implant. Res. 2011, 
doi:10.1111/j.1600-0501.2011.02362.x. 
22. Koutsopoulos, S. Synthesis and characterization of hydroxyapatite crystals: A review study on the 
analytical methods. J. Biomed. Mater. Res. 2002, 62, 600–612. 
23. Pleshko, N.; Boskey, A.; Mendelsohn, R. Novel infrared spectroscopic method for the 
determination of crystallinity of hydroxyapatite minerals. Biophys. J. 1991, 60, 786–793. 
24. Juhasz, J.A.; Best, S.M.; Bonfield, W. Preparation of novel bioactive nano-calcium phosphate–hydrogel 
composites. Sci. Technol. Adv. Mater. 2010, 11, doi:10.1088/1468-6996/11/1/014103. 
25. Mahamid, J.; Sharir, A.; Addadi, L.; Weiner, S. Amorphous calcium phosphate is a major 
component of the forming fin bones of zebrafish: Indications for an amorphous precursor phase. 
Proc. Natl. Acad. Sci. USA 2008, 105, 12748–12753. 
26. Ryu, J.; Ku, S.H.; Lee, H.; Park, C.B. Mussel-inspired polydopamine coating as a universal route 
to hydroxyapatite crystallization. Adv. Funct. Mater. 2010, 20, 2132–2139. 
27. Bachra, B.N.; Trautz, O.R.; Simon, S.L. Precipitation of calcium carbonates and phosphates. 3. The 
effect of magnesium and fluoride ions on the spontaneous precipitation of calcium carbonates and 
phosphates. Arch. Oral. Biol. 1965, 10, 731–738. 
28. Blumenthal, N.C.; Betts, F.; Posner, A.S. Stabilization of amorphous calcium phosphate by Mg and 
ATP. Calcif. Tissue Res. 1977, 23, 245–250. 
29. Boskey, A.L.; Posner, A.S. Magnesium stabilization of amorphous calcium phosphate: A kinetic 
study. Mater. Res. Bull. 1974, 9, 907–916. 
30. Douglas, T.E.L.; Pilarek, M.; Kalaszczynska, I.; Senderek, I.; Skwarczynska, A.; Cuijpers, V.M.J.I.; 
Modrzejewska, Z.; Lewandowska-Szumiel, M.; Dubruel, P. Enrichment of chitosan hydrogels with 
perfluorodecalin promotes gelation and stem cell vitality. Mater. Lett. 2014, 128, 79–84. 
J. Funct. Biomater. 2015, 6 203 
 
 
31. Kim, K.S.; Lee, J.H.; Ahn, H.H.; Lee, J.Y.; Khang, G.; Lee, B.; Lee, H.B.; Kim, M.S. The 
osteogenic differentiation of rat muscle-derived stem cells in vivo within in situ-forming chitosan 
scaffolds. Biomaterials 2008, 29, 4420–4428. 
32. LeGeros, R.Z. Calcium phosphates in oral biology and medicine. In Monographs in Oral Science; 
Myers, H.M., Ed.; Karger: San Francisco, CA, USA, 1991; Volume 15, pp. 1–201. 
33. Boanini, E.; Torricelli, P.; Fini, M.; Sima, F.; Serban, N.; Mihailescu, I.N.; Bigi, A. Magnesium and 
strontium doped octacalcium phosphate thin films by matrix assisted pulsed laser evaporation.  
J. Inorg. Biochem. 2012, 107, 65–72. 
34. Xue, W.; Dahlquist, K.; Banerjee, A.; Bandyopadhyay, A.; Bose, S. Synthesis and characterization 
of tricalcium phosphate with Zn and Mg based dopants. J. Mater. Sci. Mater. Med. 2008, 19,  
2669–2677. 
35. Yamasaki, Y.; Yoshida, Y.; Okazaki, M.; Shimazu, A.; Kubo, T.; Akagawa, Y.; Uchida, T. Action 
of FGMgCO3Ap-collagen composite in promoting bone formation. Biomaterials 2003, 24,  
4913–4920. 
36. Yamasaki, Y.; Yoshida, Y.; Okazaki, M.; Shimazu, A.; Uchida, T.; Kubo, T.; Akagawa, Y.; 
Hamada, Y.; Takahashi, J.; Matsuura, N. Synthesis of functionally graded MgCO3 apatite 
accelerating osteoblast adhesion. J. Biomed. Mater. Res. 2002, 62, 99–105. 
37. Kokubo, T.; Ito, S.; Huang, Z.T.; Hayashi, T.; Sakka, S.; Kitsugi, T.; Yamamuro, T. Ca, P-rich layer 
formed on high-strength bioactive glass-ceramic A-W. J. Biomed. Mater. Res. 1990, 24, 331–343. 
38. Gassling, V.; Douglas, T.E.; Purcz, N.; Schaubroeck, D.; Balcaen, L.; Bliznuk, V.; Declercq, H.A.; 
Vanhaecke, F.; Dubruel, P. Magnesium-enhanced enzymatically mineralized platelet-rich fibrin for 
bone regeneration applications. Biomed. Mater. 2013, 8, doi:10.1088/1748-6041/8/5/055001. 
© 2015 by the authors; licensee MDPI, Basel, Switzerland. This article is an open access article 
distributed under the terms and conditions of the Creative Commons Attribution license 
(http://creativecommons.org/licenses/by/4.0/). 
